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suMMARY

Theignitionofhydrogen-mygengasmixturesat a pressureof1
atmosphereina 2-foot-diameterductresultedindetonationcombustion.
Thedetonationstaticpressureat anoxidant-fuelmoleratioof0.82was
about315lb/sqin.abs(pressure-riseratioof 21). Theuseofwater
curtainspraysdistributedthrougha substantialsectionoftheductdid
notpreventa detonationbutdidreducethepeakpressureto 2M
lb/sqin.abs. Thedetonationcouldbe preventedby addingsufficient
carbondioxidetoplacethegasmixtureoutoftheflammablerange.The
useof smallerquantitiesof csrbondioxideresultedina reductionin

● thepeakdetonationpressures.Thetotalpressuresexertedonvarious
$ designsof90°6teelelbowsby thedetonation
~ (pressure-riseratioof 60). A designstress
4 supportingmembersfortheexhaustductelbow

withoutanydamageto thestructure.

INTRODUCTION

wereabout900lb/sqin.abs
of 38,4CXlpsiandsuit~le
containedthedetonation

Thedesignconsiderationsof a rocketfacilitymayinvolvethefiring
ofrocketenginesintolargeductsforseveralreasons.Theuseof a duct
fortherocketexhaustmaypermita reductionofthenoiseoutputandalso
allowforthecoolingandchemicaltreatmentoftheexhaustgases.

Operationofrocketengineswithvariouspropellantcombinationshas
producedhsrdstsrtsandexplosions.Thenatureofthechemicalpropel-
lantsandstsrtingsystemsandthedesignof operatingvalvesandrelated
hard-e andof injectionsystemsallaffectthetendencyto promote
explosions.If a rocketengineiseitherenclosedinor sealedtothe
exhaustduct,theductwillcontaintheproductsexhaustingfromthe
rocketengine,andsomewhatthesameconditionswillexistintheduct
as intherocketchamber.Thispossibilitymayresultinexplosionsin
theexhaustduct.

Explosionsinvolvetwocombustionprocessesdependentuponthecon-
● ditionsthatexistinthecontainer.Theexplosionmayresultina flame
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.

or combustionwavethattravelsata fewhundredfeetpersecondor ina
detonationwavethattravelsatmanythousandfeetpersecond.Thepres-
suresassociatedwitha detonationwaveereconsiderablyhigherthan bu
thoseobtainedwithnormalcombustionandcouldresultinthefailureof
structuresdesignedtowithstandnormalcombustionpressures.It iS
thereforedesirabletoknowtheconditionsunderwhicha detonationmay 5
developina largeductandthecharacteristicsofa detonationofrocket 8
propellants.An effortwasmadeto carryoutthestudiesina configura-
tionsimulatinga rocketfacility.

Thisreportpresentsresultsofan investigationattheNACALewis
laboratoryto determinewhethertheignitionofa rocketpropellantmix-
tureat atmosphericpressureandina largeductwouldgiveriseto explo-
sionswithvelocitiesandpressurescharacteristicof a detonation.The
hydrogen-oxygenpropellantcombinationwasselected%ecauseof itswide
rangeofexplosivemixturesandthepossibilityof itsconsiderationas
a usefulrocketpropellant.Theexperimentswerecarriedoutina pipe
2 feetindiameterandapproximately30feetlong. Thelargelengthwas
usedtoensuresufficientdistanceforthebuildupof a detonationand
thelargediamtertoreducethewalleffect.Thevelocityandpressure
weremeasuredto determinethenatureoftheexplosion.

,.
Additionalex-

pediments.wereconductedtodeterminethee-ridloadpressWesexertedon
2-foot-diameterelbowsandthe-stressesdevelopdina thin-welledduct
becauseof a detonationwave.

v

Methodsofpreventingtheformationofa
detonationandofreducingthepossiblemaximumpressureswereinvestigated
by theuseofwaterandcerbondioxideintroducedintotheductwiththe

—

hydrogenandoxygen.

THEORETICALPROPERTIES

Thetheoreticalvaluesofdetonationpressmesandvelocitiesfor
thehydrogen-oxygencombinationwereobtainedfromreference1 andare
presentedinfigures1 and2. Foran initialpressureof1 atmosphere,
a peakdetonationpressureof 265lb/sqin.absisobtainedatan oxidant
fuelmoleratioof0.5. Thedetonationvelocityatthiscompositionis
9200feetpersecond.Thedetonationpressuresofthestoichiometric
hydrogen-oxygenmixturewithvariousquantitiesofnitrogenwereobtained
fromreference1 andarepresentedinfigure3. Theadditionof nitrogen
tothehydrogen-oxygenmixturedecreasesthepeakdetonationpressures.
However,Lxrgequantitiesofnitrogenarerequiredtoproducea substantial
decreaseinthepressure.Approximately60percentby volumeofnitrogen
inthemixturewillreducethepressurefrom265to 196lb/sqin.abs.
Thelimitsof itilmabilityofmixturesofWirogenjair,andc=bon -
dioxideornitrogenwereobtainedfromrefetence2 andsrepresentedin
figure4. Theflammablerengeforhydrogenandeilrisbetween4 and72

r

percenthydrogen.Forthehydrogen-oxygenmixture,theflemmablerange
is4.6to93.9percenthydrogen,andthedetonationlimitsvw from15 ,.
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to 90percenthydrogen(ref.2). Thereductionoftheoxygenconcentra-
● tionbelow8 percentinan air-hydrogen-carbon-dioxidemixturewillmake

themixturenonflamuuible,whereasfora hydrogen-air-nitrogensystem,a
reductionof oxygenconcentrationtobelow6 percentisrequiredtoreach
thenonfhmnablerange.

APmRlmrs

Theexperimentalvariables,andto a lesserde~ee,theapparatus,
havea pronouncedeffectonthedevelopmentofa detonationfroma flame
or explosion(ref.3). A detaileddescriptionisthereforeconsidered
valuableinunderstandingtheresultsoftheexperiments.Theapparatus
wassetup inanopenfieldanddesignedtopermitthecontrolledflowof
oxygenandhydrogengasintoa steelduct. Thepropellantflowentered
theductthroughan inJectionplatewhichwassesledtotheduct. The
ductwasfittedwitha torchigniterandinstrumentedtorecordtheduct
pressureandgasvelocity.Forthestudiesinvolvingtheeffectofwater
onthedetonation,vsriousspraybankconfigurationswereinstalledin
theduct. Theadditionalstudiesontheeffectofendloadsdueto det-
onatingpressureswerecarriedoutby addingvariousdesignedelbowsto
theexistingapparatus.Theelbowswereinstrumentedto=asuretheend
pressures.Theproblemof structuralloadscausedby detonatingpressures
wasinvestigatedbrieflyby measuringthestressina thin-walledduct
whichwasattachedtotheexistingapparatus.A seriesofrunswasalso
madewithcerbondioxidegasintroducedintothesystem.A sufficient
numberofbttlesweremanifoldedto permitthedesiredflowrateof
gaseouscarbondioxideintotheduct. Theschematicdiagramsinfigures
6 and7 indicatetheessentialfeaturesoftheapparatus.

DuctPipingandElbows

Theductconsistedof severalsectionsof 2-foot-diameter3/8-inch
seamlesspipe. Theductwassealedtothe6-inchinjectionplatethrough
a steelconicalsection2 feetlong. Thepropellantinjectionplatecon-
sistedoftwo1~-inchpipeopeningsforthegasinlet.Theductforthe
initiale~rimentswas27feetlongfromtheinjectionplateto theexit.
Withtheadditionof theelbowsto theendofthestraightsectionthe
totallengthswereincreasedto about34feet.Fortheexperimentsto
determinethestressdevelopedina thin-walledducta 2-foot-diemeter
ductof 14-gage(0.0747-inch]stockwasmadeandattachedtotheexisting
straightsectionof thepipe. A sketchofthethin-wslledductisgiven

Q infigure6. A numberof90°ellmwswereinvestigatedto determinethe
endloadpressures.Schematicdiagramsoftheelbowsstudiedsrepre-
sentedinfigure7. Figure7(a)showsa 90°straightmitermadeof

●
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3/8-inchmaterial,7(b)a 900 straightmiterwithanellipticalringat
theintersectionofthetwocylindersof14-gagematerial,7’(,c)a sec-
tionedmiteredelbowof 16-gagematerial,7(d)a sectionedmiteredelbow
of 12-gagesteelreinforcedwithmetalfins,7(e)thesameelbowwith
thrustsupportsweldedtotheside,7(f)thesameelbowwithseveralof
thereinforcedmetalfinsremoved,and7(g)a 90°turnwttha dishedhead
ontheextendedhorizontalsection.

PropellantSystem

TwogascylindermanifoldssuppliedtQeoxygenandhydrogento the
duct.Lines2 inchesindiameterwereusedforthepropellantsystem.
Thepropellantflowrateswerecontrolledby meansoftheupstreampres-
surethroughcritical-floworifices.Thepressurewascontrolledthrough
a diaphragmregulatorandwasturnedonandoffby a remoteoperating
valve.CheckvalveswereinstalledJustupstreamoftheinjectionplate
topreventanybacldlowduringa detonation.Inaddition,a heliumflush
systemwasinstalledInthehydrogenlinetopermitflushingoftheline
andductbetweenruns.

WaterSystems

To studytheeffectofwateronextinguishingtheexplosionorreduc-
ingthemagnitudeofthepressures,waterinjectionatthefollowingthree
positionsintheduct(fig.6)wasinvestigated:

(1)Positionl:jet-wheelstation.Thedesignofmanyfull-scale
rocketfacilitiesincludestheintroductionofwaterthroughspokesinto
thehotcoreoftherocketexhaust.Thefunctionofthiswatersprayis
to cooltherocketexhaustgasesto saturation.A similarwaterspray
systemwasinstslledinthedetonationappsratusto determinetheeffect,
ifany,theJet-wheelflowhadontheqpenchingoftheexplosions.The
jetspokestationwaslocated3 feetfromtheinjectionplate.

(2)Position2: twospraysectionspositioned5 feetapart.The
introductionofwaterspraysfromtwosections5 feetapsrtwasinvesti-
gatedto determinetheeffectoftheincreasedcoolingontheexplosion.
Thefirstspraysectionwaslocated8 feet-fromtheinjectionplate.Low-
pressureswirl-typespraynozzleswereusedateachstation.

(3)Position3:fivespraysectionspositioned1 footapart.The
numberofspraysectionswasincreasedandthedistancebetweensections
reducedto 1 foot. Thefirstsection was8 feetfromtheinjectionplate.
Fortheinitialruns,thewaterwassuppliedto thevarioussectionsfrom
a singleheaderlocatedabovetheduct.Withtheuseofthemorecom-
plicatedspraysystemstheheaderwasplacedinsidetheduct.

t

●
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CarbonDioxideSystem

Topermitthestudyoftheeffectof carbondioxidegason the
hydrogen-oxygenexplosionsa numberofbottlesof carbondioxidegaswere
manifolded,andthegaswasledintotheductatthewaterjet-wheel
station. TheJet-wheelwaterflowwasnotusedforthesetests.The
cylinderswerecommercialcylindersdesignedto emptyinfrom1.8to 2.0
seconds.Thecsrbondioxideflowratewasmaintainedby connectingthe
desirednumberofbottlesto themanifoldandadjustingthehydrogenand
oxygenflowratestofilltheductwithin1.8seconds.Inthismanner
thedesireddilutionratiowasobtained.A schematicdiagramofthesys-
temisshowninfigure8.

IgnitionSystem

Theignitionsystemconsistedof a propane-oxygentorchmountedon
theduct3 inchesfromtheinjectionplate.Theflowof propaneand
oxygentotheigniterwaspresetsndcontrolledby pressureregulators
andcritical-floworifices.A sparkwasusedto ignitethemixture.~
operationoftheigniterinvolvedtwosteps,establishinga sparkand
introducingthepropaneandoxygenflow. Formostoftherunsthecom-
bustionofthehydrogen-oxygenmh%urewasinitiatedby thesparkalone.

INSTRUMENTATION

Detonation-velocitymeasurementsweremadetithionizationgaps
insertedinthegasstreamat5-footintervals.Theimpulseformedby
theshortingofthegapby thecombustiongaseswasrecordedon an oscil-
lograph.IYomthetimebetweenimpulsesandthepositionof gapsinthe
duct,averageexplosionvelocitiesbetweenthegapscouldbe determined.
Runsmadewithconsiderablequantitiesofwatersprayedintotheduct
resultedintheshort-circuitingoftheionizationgapsbeforetherun;
however,thevelocitydatafortheserunswereobtainedfromthestatic-
pressuretraces.

Staticpressureduringthepassageofthedetonationwavewasmeas-
uredby catenarydiaphragm-typepressurepickupsofthestrain-gagetype.
Thecurrentfromthepressuretransducerwasrecordedon anoscillograph.
Thehoopstressinthethin-walledductwasobtainedby installingstrain
gagesontheductandrecordingtheoutputontheoscillograph.!Ibe
locationsofthepressureprobesandionizationgapsareindicatedin
figure6.

~pical~essuretracesareshowninfigure9 alongwiththemethod
ofobtainingthevaluesplottedonthefigures.Therecordsindicatea
steeppressurerisewhichwasther&sultof a detonationwave. Since

—
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thepulsewasextremelysharp,thesuddenriseprobablyinducedvibrations
inthepressurepickupwiththediaphragmoscillatingabouttheactual
pressure.Inaddition,sincetheresolutionwasquiteindefinite,a line
extrapolatedbackto theinitialtrace,as showninfigure9,wasused
to obtainthedetonationpressure.A calibratingvoltage,corresponding
to anestablishedpressure,wasimpressedacrosstheleads,anda normal
displacementwasobtainedonthefilm. Thedistanceoftheextrapolated
lineattheinitialtracewasthencomparedwiththecalibrateddisplace-
ment,andtheactualdetonationpressurewasobtained.Valuesindicated
by thepeakofthetraceareapproximately20to 30percenthigherthan
theextrapolatedvalues.

*

I?ROCEDURE

Priortothetestallthevalvesandinstrumentswerechecked.A
35-millimetercamerawasusedtotakepicturesofth oscillographtraces
duringtherun. I%essurecalibrationconstantswereplacedontheoscil-
lographtrace,andthefilmspeedwasadjustedto 60 inchespersecond.
Thedesiredpressureswereestablishedinthepropellantflowlines,and
theremoteoperatingvalveswereopenedfora specifiedtimewhichwould

r

filltheductwiththehydrogen-oxygenmixtureto an initialpressureof
1 atmosphere.Thetimeofflowofthegasesvariedfrom1.3to 1.8sec- b
ends. Thepropellantvalveswerethenclosed,thecameraandinstr~nts
puton,andthesparkignited.Theinstrumentswereshutoffimmediately
aftertherun,andtheductwasflushedwithhelium.Fortheexperiments
inwhichwaterwasintroducedintotheduct,thewaterflowwasestablished
beforethepropellantswereintroducedintotheduct.Fortheexperiments
withcarbondioxidethecarbondioxidewasintroducedintotheductatthe
sametimeandforthesamedurationasthepropellants.

RESULTS

Detonationofthehydrogen-oxygenmixtureoccurredinallrunsin
whichsufficientcarbondioxidewasnotused. Theintroductionofwater
intotheductdidnotquenchthedetonationbutdidlowerthepeskdet-
onationpressures.A summaryofthedataisgivenintableI. Theint-
tialrunsweremadewithout‘watersprayedintotheductandatanoxidant-
fuelmoleratioof 1.2. Thedetonationpressureat station2,whichwas
8 feet9 inchesfromtheigniter, was329W/sq in.gageandincreased
to 357lb~sqin.gageat station3, whichwas5 feetfromstation2. A
secondrununderthesameconditionsgavepressuresof316and322
lb/sqin.gageatthetwostations.Forthethirdrun,theoxidant-fuel
ratiowasreducedto 0.84,andthepressuresobtainedwere290and286
lb/sqin.gageatthetwostations.Thedetonationvelocitywasabout
5000feetpersecondfortheinitialrunsmadeat anoxidant-fuelratio
of1.2andincreasedto abut 7700feetpersecondattheoxidant-fuel
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●

ratioof0.84. Theremainingrunsweremadeata constantoxygen-fuel
d ratioof0.84withthevsriablesincludingthesmountandpositionof

waterinjection,theamountof carbondioxide,andthestructureand
designofthesteelelbows.Runs4 and5 weremadewiththeadditionof
water,introducedatthejet-wheelposition.Thewaterflowwas17pounds
persecond.Thedetonationpressuresmeasuredat instrumentstation2
were350and375lb/sqin.gageanddecreasedto 222and24311)/sqin.
gageat station3. Thedetonationvelocityofthefirstofthejet-wheel
runs(run4) increasedfrom7700to 8160feetpersecondbetweentwo
areas,andtheinitialvelocityforthesecondrunwas6610feetper
second.

Thenexttworuns,runs6 and7,weremadewiththewaterintroduced
atpxition2 (twospraybanks5 feetapart).Thetotalwaterflowwas
13.3poundspersecond.A detonationtookplaceineachofthetworuns
withthepressureincreasingfromabout263lb/sqin.gageat instrument
station3 to 3U8lb/sqin.gageat station5. Thedetonationvelocity
decreasedintravelingdownstreamfromstation2 to station5 from9520
to 7620feetpersecondforrun6 andfrom12,700to 10,9~feetper

* secondforrun7.

Runs8 to 11weremadewiththewaterspraysystem3,whichconsisted
w offivespraybankswithin5 feet. Thedetonationpressuresmeasuredfor

run8 were161lb/sqin.gageat station2 and123lb/sqin.gageat sta-
tion3. Thewaterflowratewas26.4poundspersecond.Forrun9,the
waterflowwasincreasedto 34poundspersecond,andthepressuresob-
tainedwere121l../sqin.gageat station3 and207lb/sqin.gageat
station5. ‘I!hedetonationvelocitydecreasedfrom8560to 6660feetper
secondfromstation2 to station5. Runs10and11weremadewiththe
waterflowreducedto 17.2poundspersecond,andlowdetonationpressures
wereobtained.An additionalpressureprobelocatedat station1 inthe
conicalapproachsection,5 inchesfromtheigniter,indicatedpressures
offrom118to 145lb/sqin.gage. Thepressureat station5 forrun10
was201lb/sqin.gageandforrun11was172lb/sqin.gage. Thedet-
onationvelocitiesaveragedabout70~ feetpersecondfromstation3 to
station5 forthetworuns.

Becauseof apparentfailureof largequantitiesofwatersprayed
intotheductto quenchthedetonation,thestudieswerecontinuedwith
theuseof carbondioxideastheinertdiluerit.Thecarbondioxidewas
introducedintotheductthroughthejet-wheelstation(watersway posi-
tion1) atthesametimethepropellantswereintroducedintotheduct.

m firstrunwithcarbondiotide,run12,wasmadeat an oxidant-
b fuelratioof0.84andwithwatersprayedintotheductthroughspray

system3 (fivebanksprays).ll%ewaterflowwas17.2poundspersecond.
Theflowof csrbondioxideintotheductwassetfor27.2poundsper

* second,a ratewhichwuuldresultinanoxygenconcentrationintheduct
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of 6.8molepercentatthedesignfuelflowof 1.58poundspersecondof
oxygenand0.117poundpersecondofhydrogen.Themixturedidnotignite
orproducea detonation.Thefollowingrun,run13,wasmadewithout

h

csrbondioxideandatthesameoxidant-fuelratioasthepreviousruns
butata lowerpropellantflowrate. (Thelowerflowratewasusedto
permitmoreflexibilityInthetimeof operation.)Theignitiononce
againresultedina detonation.‘Ibepressuremeasuredatstation1 was
121lb/sqin.gageandincreasedto 223lb/sqin.gegeat station5. Two
additionalruns,runs14 and15,weremadewithcarbondioxideintroduced
intotheductatthesametimeasthepropellants,andineachcasecom-
bustiondidnottakeplace.Forrun14,theoxygenconcentrationwas 8
reducedto 6.9percent,andforrun15,to5.9percent.Tb studythe
effectofreducedquantitiesof csrbondioxideinthemixhre,tworuns
weremadewiththeresultantoxygen-hydrogenmixturewithintheflamble
range.Run16wasmadewitha carbondioxideflowrateof 8.3poundsper
second,andrun17witha carbondioxideflowrateof 2.2poundspersec-
ond. Ineachcasecombustionresulted.Theonlypressmereadingthat
wasavailableforrun16 indicateda pressureof90lb/sqin.gageat
station1,andthetworeadingsobtainedforrun17were60lb/sqin.gage
at station1 and116lb/sqin.gageat station5. P

Thesecondphaseoftheinvestigationwasconductedwiththeaimof
obtaininginformationhelpfulinthedesignofthestructureto contain

..
k

thedetonation.Thetestmodelwasmodifiedbytheadditionofvarious
—

90°turnsattheendofthestraightsectionoftheexistingduct. The
90°elbowswereinstrumentedwithpressurepickupsandthetracesrecorded
ontheoscillo~aph.Thefirstelbowinvestigatedwasthestandard90°
mitershowninfigure7(a). Thepressureprobeswerelocatedonthehor-
izontalsectionandintheend,axiallywiththeduct. Tworunswere
made,runs18and19,

.
withwaterintroducedintotheduct.Thewater

flowratewas17.2poundspersecond,andsprayposition3 wasused.
Theaverageside-on(static}pressuresforthetworuns(recordedby
pressureprobesmountedontheouterwalloftheduct)wereabout11.2
lb/sqin.gageatpressure

r
obestation1 andabout191lb/sqin.gage

at station5. Theface-ontotal)pressuresontheelbowwere543
lb/sqin.gageforrun18and620lb/sqin.gageforrun17. Theelbow
wasmadeof 3/8-inchsteelandwasnotdistortedinanyway.

Forfurtherstudyof theeffectofthedetonatingpressuresonthe
ductmaterial,a thin-walledstraightductwas attachedtotheendofthe
existingstraightsection(fig.6),andthe~tressdevelopedwasmeasured.
Thehoopstresson theductwasmeasuredby meansof straingagescemented
onthesurfaceofthethin-walledduct. Tworuns,runs20and21,were
madewiththethin-walledduct. Theoxidant-fuelratiowas0.84,and
watersprayposition3 wasused. Thewaterflowwas17.2poundspersec-
ond. Theside-ondetonationpressuresdeveloped(198lb/sqin.gageat

#

station3 and172lb/sqin.gageat station5)werecomparableto the
valuesobtainedinthepreviousruns,andthestressdevelopedinthe P
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wallwasabout38,000psi. Thefactthatthethin-waJledductwasnot
. distortedinanywayindicatedthattheductcouldprobablytakea higher

stress.

Theallowablestressusedforthedesignofmostoftheelbowsin-
vestigated(thinelbows) wasabout38,400psig (48,000XJointefficieny
of 0.8). In addition,to obtainthemaximumdetonationpressuresforthe
testsalltherunswiththeadditionalelbowsweremadewithouttheuse
ofwaterintheductandatanoxidant-fuelratioof0.84.Run22was
madewiththesingle90°miterelbowconstructedof114-gagematerial
(fig.7(b)).Theside-onpressureat station6,112feetupstreamofthe
endoftheelbow,was.294lb/sqin.gage,andtheface-onpressureonthe
elbow(station8)was910lb/sqin.gage.Thedetonationpressurescaused
somedistortionintheelbowinthattherewasa bulginginthesurfaceof
theelbowaxialwiththehorizontalduct. Inaddition,theelbowapparently
failedinbendingbecauseofbdcklingat theflange.A diagrammaticsketch
ofthedistortionisshowninfigure10. Theeffectofthedetonationpres-
sureona multisectionelbowwasstudiedby installingthesectionedelbow
showninfigure7(c).Run23,madewiththiselbowatan oxidant-fuel

a ratioof0.84andwithoutwaterintheduct,gaveat station1 a pressure
~ of 157lb/sqin.gageandat station5 a valueof198lb/sqin.gage,
&Q whilefortheface-onpressureontheelbow(station8) a valueof 1250

lb/sqin.gsgewasread. A valueof 505lb/sqin.gagewasobtainedat
station7 onthebottomof theelbow.Thepressuresandloadsweretcm
great,fortheelbowfailedcompletelyinbendingneartheflange.Photo-
graphsoftheelbowaftertherunareshowninfigure11. Theelbowused
forrun23wasconstructedof 16-gagematerial.Forrun24,anelbowsim-
ilarto thatusedforthepreviousrunwasdesigned,butitwasreinforced
by metalribsaroundvarioussectionsandwasconstructedof 12-gage
material(figs.7(d)and12). Thedetonationpressureswere203lb/sqin.
gage(side-onpressure)at station6 and910lb/sqin.gage(face-ou
pressure)at station8. A valueof 781lb/sqin.gagewasobtainedat
station7 onthebottomoftheelbow.Theloadsexertedby thedetonation
didnotbendortwisttheelbowbutdidinduceseveralcracksinthehor-
izontalapproachsectiontotheelbow.Theelbowapparentlywithstood
theimpactloadbutwasquestionablewithrespectto thebendingmoment
nesrtheflangedconnection.Thebendingmomentwasprob~lycausedby
forceexertedonthebottomoftheelbow.Supportingthrustlegs,indi-
catedin figure7(e),wereweldedto theelbowtotakethebendingload.
Threerunsweremsde,runs25,26,and27,Withtiisinstallation,andit
provedsatisfactory.Theaverageside-onpressureforstation6 was248
lb/sqin.gagewithaface-onpressureof 870lb/sqin.gageforrun25
and912lb/sqin.gageforrun26. Z& pressureatthelowersectionof
theelbow,station7,takeninrun27was728lb/sqin.gage. No effect

. ofthepressureswasnoticedonthestructure.

●
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To studytheroleofthesupportingribsweldedaroundtheelbow
withthethrustsupportinpositionseveralribswereremoved,as indi-
catedby figure13,andrun28wasmade. Thepressuresobtainedwere
272lb/sqin.gageatstation4, 246lb/sqin.gageatstation6, anda
face-onpressureof 882lb/sqin.gageat station8. Theelbowwasnot
distorted,butseveralcrackswerenoticedinthestructurewheresome
oftheribshad.beenremoved.Studiesof theelbowindicatedthatthe
crackswereprobablyduetothedamsgingoftheweldswheretheribshad
beenremoved.

h
o

Thenextseriesofruns,runs29,30,and31,wasmadewitha modi- 8
fiedelbowconsistingofa dishedheadastheendpiece(fig.7(g)).The
initialrunwiththiselbowgavea staticpressureof 206lb/sqin.gage
at station6 anda totalpressure(face-on)of1020lb/sqin.gage. me
detonationresultedincompleterippingopenoftheverticalductatthe
weldanda distortionofthedishedheadtoforma sphereof smaller
radius.A newverticalsectionwasinstalled,andruns30and31were
made. Theconfigurationwithstoodtheforcesofthedetonation,forno
furtherstretchingoftheheadoccurredjandtheverticalsectionremained
satisfactory.Theaveragepressuresobtainedforthetworunswere253
lb/sqin.gageat station6 (side-on)and786lb/sqin.gageatthedished

i

head(station8).
*

DISCUSSION

Theexperimentsindicatedthatwiththeductloadedwithhydrogen
andoxygenthedischargeofan ignitionsourceresultedina detonation.
Theexperimentswerecarriedoutwithoxygenflowsofabout1.2pounds
persecondandhydrogenflowsof 0.12poundpersecond,flowscomparable
to thatfroma 400-pound-ttiustrocketengine.

Theexperhnentaldetonationpressuresobtainedintheinitialruns
withouttheuseofwaterintheductwerehigherthanthetheoretically
calculatedvalues.Thetheoreticalcalculationsindicatedpressurerises
ofabout19to1 (275lb/sqin.tis),whiletheexperimentalvalueswere
about24to 1 (335lb/sqin.abs). Theerrorsinvolvedintheinterpre-
tationofthepressurerecordandintheassumptionthattheductwas
filledwiththehydrogen-oxygenmixtureto a pressureof 1 atmosphere
m~ accountforthedifferenceinvalues.‘Theexperimental.detonation
velocityfortheinitialrunsgavea spread~fvalueswhichmaybe
accountedforby theerrorininterpretationandinthefilmspeed.The
experimentaldetonationvelocityatan oxidant-fuelmoleratioof1.2,
withoutwaterintheduct,wasabout5000feetpersecondcomparedto
thetheoreticallycalculatedvalueof about7000feetpersecond.At an n
oxidant-fuelmoleratioof0.82withoutwaterintheducttheexperimental
detonationvelocitywassimilarto thecalculatedvalueofabout8000
feetpersecond. #
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Theintroductionofwaterintotheductthroughthejet-wheelsta-
. tiondidnotreducethedetonationpressureat station2,butapperentl.y

thecontinuedmixingofwater,steam,andgaswassufficienttoreduce
thepressureat station3. Thequestionofwhetherthedetonationpres-
surewouldhavebeenreducedfsrtherdownstreamwiththeuseofthejet-
wheelwatercouldnotbe answered,sinceadditionalpressureprobeswere
notinstalledfortheseruns. It isbelieved,however,thatthedetona-
tionpressurewouldhaveincreasedto itspeakvaluefartkrdownstream
intheduct. Theincreaseindetonationpressuresomedistancedownstream
ofthewaterinjectionpositionWasobtainedwiththerunsmadewithwater
injectionatposition2 (twospraycurtains5 feetapart).Theuseofthe
twospreysectionswasbasedonthebeliefthatthegaseswouldbecooled
andthemixturedilutedwithsufficientsteamtoresultina lowerdet-
onationpressure.Resultsoftheexperiments(runs6 and7) indicatedan
initialloweringofthedetonationpressureto about260lb/sqin.gage
at station3 andincreasesto 270lb/sqin.gageat station4 andto 306
lb/sqin.gage,approximatelythetheoreticalmaximum,atstation5.
Apparentlytheeffectofthewaterwasrestrictedto a veryshortvolumeA oftheduct. Theflowofwateratwaterposition2 was13.3poundsper

3 secondcomparedto the17poundspersecondusedintheJet-wheelstudies.

8
Theuseofa morefinelyatomizedanddistributedwatercurtaindid,

however,indicatea reductioninpressuresthroughouttheduct. Theuse
ofwaterspray~sition3 (fivebankswithin5 feet)servedtobothslow
thedetonatingvelocityanddecreasethepressure.Thedistributionof
waterwasmoreeffectiveinreducingthedetonationpressurethanthe
quantityofwaterused. Thewaterflowwasvariedfrom27.2to 34pounds
persecondandessentiallyno differenceinpressureswasobtained.The
pressuresvariedfrom167at station2 to about200lb/sqin.gageat
station5 withthisspraysystem.In alllikelihood,ifitwerepossible
to locatesufficientwaterspraysinthetransitionregionbetweenthe
combustionanddetonationfront,theflamewouldbe extinguishedauda
detonationprevented.

A furthereffectof thewaterintheductwasto decreasethedura-
tionofpressureas determinedfromthepressuretraces.A plotofthe
pressure-timehistorywithandwithouttheadditionofwaterisgivenin
figure14. Ingeneral,pressureexistedforapproximately10milliseconds
whenwaterwasusedand20millisecondswithoutwater.It isprobable
thatsufficientwaterwaspresentto quenchthereactionbehindthedet-
onationwave.

Therateofbuildupto a detonationforthehydrogen-oxygencombina-
tionisextremelyrapid,as indicatedfromtheresultsobtainedfromthe

> pressureprobeat station1. Theprobewaslocated5 inchesfromthe
i~iter,andtheresultsindicateda pressureincreasetOabout3-20
lb/sqin.gageortowithin40percentofthemaximumvalue.m
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Resultsofthetestswithcarbondioxideastheinertdiluentindi-
catedthatthehydrogen-oxygenmixturecanbe takenoutofthecombustible
rangeby reducingtheoxygenconcentrationtobelow8 percent.

.
Theex-

perimentsindicatedthatthemethodof introducingthecarbondioxideis
r,

notcritical,sincesuccesswasobtainedby-merelyleadingthepipescon-
tainingthecarbondioxidejustintotheouteredgeoftheduct(fig.8).
Thecarbondioxidewaaintroducedas a gas,andover95percentremained
as a gasduringtheexpansion.Thiswaspossiblebecauseofthedesign
ofthebottlesandmanifolds.Increasingtheoxygenconcentrationto 17
and34percentinthemixtureby theadditionof smallerquantitiesof g
carbondioxideplacedthemixtureintheflammablerange,andignttion o
resultedina detonation.Thepressures,hcWever,werelowerthanthose
obtainedwithouttheuseof carbondioxide.

Resultsofthesecondphaseofthestu@,whichinvolvedthedesign —
of equipmentto containthedetonation,indicatedthatmaterialsubjected
to suddendetonationloadscanbe sub~ected.toextremelyhighstresses .-
withoutfailing.Testsmrriedoutwiththethin-walledduct(runs20
and21}indicatedthathoop-stressvaluesof about38,000psiarecon-
servative.Thepressuresmeasuredwiththeductconfigurationwerestatic z
or side-onpressures,sincethepressureprobeswereallnmuntedonthe
outerwall. Proposedexhaustductingconfigurationsforrockettest
facilitiesthatrequirea 90°turnwouldsubjecttheelbowtothetotal .
orface-onpressureratherthanjustthestaticpressure.‘Iheinitial
elbowinvestigatedwasconstructedof 3/8-inch-thickmaterial(fig.7(a))
andwassatisfactoryunderallconditions.Thescalingofthisthickness
to a practicalfieldsizeexhaustductwould.resultinprohibitivethick-
ness;itwasthereforeconsideredadvisableto continuethetestsu~iw
smallerstock.Thethicknessofthematerialinvolvedinthedesignof
mostoftheremainingelbow%investigatedwasbasedontheassumptionof
thin-walled-ductbehavior,andthepressureloadtskenby hooptensionin
theduct.Thedurationofthedynamicloadwasconsideredtobe a few
milliseconds,andtheallowablestress,38,400psi,wasbasedon160per-
centoftheyieldpointandan 80-percentefficiencyfactor.

Theinitialelbowsfabricated(figs.7(b)to (d))andtestedunder
detonationconditionssufferedsomesortoffailure.Ingeneral,the
principaldamagewascausedby thebucklingor crackingofthe90°elbow
attheflangedconnectiontothemainduct. Thesingle-miterelbow
(fig.7(b))inadditiontoberidingneartheflangedconnectionwasbowed
outattheelbowsectionaxiallywiththeduct(fig.10). Thetotalpres-
surewas910lb/sqin.gage,whichisequivalentto a pressure-riseratio
ofabout63 comparedto a static-pressure-riseratioof about21.

Thenextelbowinvestigatedwasa multimiterelbowshowninfigure G
7(C). Theuseof a .multimiterlongelbowinplaceofthesharpsi.ngle-
miter90°elbowwouldpermitthegradualtransitionofthestresstothe #
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ductandthuspreventthediscontinuitystressesattheJuctionfrom
exceedingthemembranestressineitherpsrt. A singlerunwiththis
elbowresultedin severebucklingneartheflangedconnection(fig.11).
Thestressconcentrationwasconsiderablyhigh= on thisductthanon any
oftheothersinvestigatedbecausethematerialusedwas16-gageinstead
of 14-gage.Thepressureonthesectionoftheelbowaxialwiththeduct
was1250lb/sqin.gage,whileonthebottomof theelbowsectiona value
of 505lb/sqin.gagewasobtained.Thepressure1250lb/sqin.gagewas
thehighestdetonationpressurerecordedintheprogramandmaynotbe a
correctvaluebecauseof thedestructionoftheelbow.Thefourthelbew
investigatedwasa multimiterelbowsimilarto thepreviousonebutcon-
structedof 12-gagematerial.andreinforcedbymetalribsweldedtothe
structure(fig.7(d)).Thedetonation(run24]resultedincracksinthe
horizontalsectionneartheflangedconnectiontothehorizontalductand
wasbelievedtobe causedby theexcessivebendingmoment.

To determinetheeffectofthrust-supportingmemberson theelbows,
thenextrunsweremadetiththerib-reinforcedmultimiterelbowmodified
to includetwosupportingmembers(fig.7(e)).Thisconfigurationresulted

s incompletelysatisfactoryoperation.Thetotalpressuresontheelbow
axialwiththeductwereabout900Ib/sqin.gage(pressureratioof 61).

. A subsequentrun (run28)wasmadewithsomeof thesupportingribs
removed(fig.13),buttheresultswerenotconclusive,sincea consider-
ablenumberofcracksdeVelopedby thedetonationwerealongtheareas
wheretheribshadbeenremoved.It wasbelievedthatwhentheribswere
cutawaythestructurewasweakened.

ThefinalelbowconfigurationinvestigatedconsistedofanL-shaped
pipewiththedishedheadaxialwiththeduct(fig.7(f)).Thedetonation
(total)pressuremeasuredatthedishedheadforthefirstrunwas1020
lb/sqin.gageandwassufficientlylargeto distortthedishedheadand
ripopenthevertical.duct. Thedistortionwasan extensionof the
centerofthedishedheadtowarda sphericalshapeof smallerradius.It
wasbelievedthattheweldontheverticalsectionwasfaulty,because
afteritwasrepairedthenexttworunsresultedinan averagetotalpres-
sureof 786lb/sqin.gage,andno furtherdamagewasdoneto thestruc-
ture. Thehighervslueof~essureobtainedinthefirstofthethree
runsmaybe inerrorpartlybecauseofyieltingofthemetal.

SUMMARYCll?RESULTS

An investigationto determinethedetonationcombustionpressuresof
* hydrogen-oxygenmixturesatatumphericpressureina 2-foot-diameterduct

gavethefollowingresults:

.



14 NACATN 3935

1. Thesparkignitionof hydrogen-oxygengasmixturesina 2-foot-
diameterductata pressureof 1.atmosphereresultedindetonation
combustion.

2.Theuseofwaterjetsandwaterspr~s distributedthroughthe
ductdidnotpreventa detonationbutdidreducethepeakpressures.

3. Thetransitionzonefromnormalcombustionto a detonationfor
thehydrogen-oxygenmixtureisextremelyShortjtherefore,itisdifficult
to introducesufficientdiluentstopreventa detonation.Detonationwas +

Epreventedby theadditionof sufficientcarbondioxidetomakethemlx- 0
turenonflammable.

4.Equipmentdesignedto containthedetonationshouldconsider
static-pressure-riseratiosof about25andtotal-pressure-riseratios
of about60.

5.Thedesignstressofmaterialsto containdetonationscanbe
considerablyhigherthanusedfornormalapplicationsbecauseofthe
extremelyshortexposuretime.Valuesof designstressabout160percent 4
ofthenormalcurvewerecompletelysatisfactory.

6.Theuseofthrustsupportmembersfor90°turnswasnecessaryto .
preventexcessivebendingmomentsinthehorizontalpiping.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,January9, 1957
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Figure11.- Dmegetomultisectionedelbowconstructedof16-gagesteel(fig.7(c)).

.

“

m



NACATN 3935

.

.

Figure12. - Multlsectionedelbowwithsupportingribs(fig.T(d)).
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Figure13.- Multiaect%onedelbowplusaupprtswithseveralribsremoved.
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